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Abstract
Robustness of HFMI treatment in different weld qualities according to ISO 5817 was studied, and fatigue testing of the treated
samples was carried out in order to investigate the effect of the weld quality prior treatment. The results show that HFMI-treated
welds with weld quality level D shows fatigue life improvements that fall within the IIW recommendations for HFMI. No
significant influence from the HFMI operator or HFMI equipment on the fatigue life was found. However, the scatter in fatigue
testing results varied with HFMI operator and indicated that different HFMI operators could produce consistent treatment results.
A considerable effect on fatigue life from HFMI tool radius was found, where the 2-mm tool radius showed considerably greater
fatigue life comparedwith the 1.5-mm tool radius. According to IIW (Marquis and Barsoum 2016), for steel grade SY = 700MPa,
the fatigue strength recommendation is FAT 160 (m = 5) for transverse stiffener–welded joints with as-welded quality B accord-
ing to ISO 5817 (ISO/TC 44/SC 10 2011), prior to treatment. It can be observed in the current study that fatigue-tested HFMI-
treated welded joints, welded with weld quality D, are in good agreement with the IIW recommendations.
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1 Introduction
High-frequency mechanical impact (HFMI) has emerged as a
reliable, effective, and user-friendly method for post-weld fa-
tigue strength improvement technique for welded structures.
In 2016, IIW published recommendation for HFMI treatment
for improving fatigue strength of welded joints [1]. These
recommendations give detailed guidelines on procedure, qual-
ity control, and fatigue strength improvement for a large range
of structural steels, 235–950 MPa in yield strength, with ap-
proximately 12.5% increase in fatigue strength for each 200-
MPa increase in yield strength. The beneficial effect is mainly
because of the impacted energy per indentation. The impacted
material is highly plastically deformed causing changes in the
material microstructure and the local geometry as well as high
compressive residual stresses, in the close region of the yield
stress of the material.
In 2013, IIW published a collective recommendation for
improving the fatigue strength of welded joints sensitive for
weld toe cracking [2]. This gives detailed guidelines for pro-
cedures; quality assurance of treatment; and expected fatigue
strength improvement for burr grinding, TIG dressing, and
hammer and needle peening. However, recent studies have
showed that these fatigue strength enhancements are conser-
vative and higher fatigue strength can be claimed for a suc-
cessful treatment, particularly for hammer peening and TIG
dressing [3–5].
Khurshid et al. [6] studied the behaviour of the compressive
residual stresses induced by HFMI treatment under cyclic load-
ing and constant and variable amplitude loading, for different
steel grades. They observed that the compressive residual stress-
es are stable with minor relaxation throughout the fatigue life,
where overloads contributed mostly to the relaxation.
Leitner et al. [7] developed FE and analytical models to
study the stability of compressive residual stresses under cyclic
loading of welded joints. The models were validated with mea-
surements, and it was concluded that the cyclic stability of the
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compressive residual stress occurs in the very first cycles and is
stable thereafter. Leitner et al. [8] studied the possibilities of
using HFMI as a rehabilitation technique of pre-fatigued
welded structures. If the HFMI treatment is applied without
previous grinding and re-welding of the weld toe, a maximum
crack size in depth of 0.5 mm acts as conservative proposal for
mild steel joints; the rehabilitation by HFMI leads to an im-
provement in fatigue strength both in the finite-life and high-
cycle fatigue region. Yekta et al. [9] studied the effect of quality
control parameters for HFMI treatment of welds and their effect
on the fatigue performance and concluded that regardless of the
treatment condition (over/under treatment), a significant fatigue
strength improvement could be observed.
The IIW HFMI recommendations [1] suggest that the weld
before HFMI treatment meets the acceptance limits of quality
B, highest weld quality level, in ISO 5817 [10]. In production,
the weld sometimes does not reach the highest weld quality
level B due to a natural variation in the welding process, mate-
rial, position etc. [11]. This will result in areas with lower weld
quality such as weld quality levels C or D. It is not fully inves-
tigated if the HFMI treatment is effective for lower weld qual-
ities, e.g. C and D, and similar increase in the fatigue strength
can be claimed as proposed in the HFMI recommendations.
The current study focusses on robustness of post-weld
treatment HFMI to increase the fatigue strength of welded
structures. Different operators and equipment were used to
study the robustness. Transverse stiffener–welded joints were
produced in different weld qualities according to ISO 5817,
HFMI-treated and fatigue-tested in order to investigate the
effect of the weld quality prior treatment. Finite element stress
analysis of the 3D measured local weld geometries was car-
ried to study the effect of different imperfections and weld
qualities. The highlights from this current study can be
summarised as follows:
– The robustness of HFMI treatment (tools/machine, oper-
ation time, etc.) of transverse stiffener–welded joints is
systematically studied in order to observe any significant
effect of treatment parameters on the fatigue strength.
– Observation of possible fatigue life improvement of
HFMI-treated transverse stiffener–welded joints welded
with lower weld quality (D, according to ISO 5817).
– Development of finite element analysis (FEA) procedure for
stress analysis of laser scanning measured welded profiles.
2 Experimental setup
2.1 Material and sample geometry
The material used when welding the transverse stiffener joints
was SSAB 700 MC Plus. Material thicknesses were 10 mm in
the base plate and 6 mm in the standing stiffener. Sample
geometry used was transverse stiffener joints, as shown in
Fig. 1a. Filler material used for the welding trials was Böhler
EMK8 and shielding gas AGA Mison 18 with a Motoman
HP20-B00 robot that was equipped with an EWM
PHOENIX 521 PROGRESS PULSE coldArc power source.
Samples welded for HFMI treatment and as-welded reference
of weld class Dwere weldedwith 29V, 14.2-m/minwire feed,
and 72-cm/min travel speed. As-welded samples of weld class
B were welded with 29 V, 8.9-m/min wire feed, and 40-cm/
min travel speed. All samples were welded with a contact tube
distance of 15 mm.
Welded samples were welded as 495-mm-long cruciform
panels with four welds per panel. Welded panels were first
tack-welded with three 25-mm tackwelds as shown in Fig. 1b.
In order to avoid welding start/stop effects and influence from
tack welds, three 50-mm pieces were removed and scrapped
as shown by the dashed lines in Fig. 1b. Subsequent to
welding and removal of tack-welded areas, the welded panels
were cut into 40-mm-wide specimens. The 40-mm samples
were then HFMI-treated and fatigue-tested. In order to keep
deformations due to welding to a minimum, the welding order
is of great importance. The welding order chosen in this pro-
ject is show in Fig. 1c. Prior to fatigue testing, the specimens
were measured for angular misalignment.
2.2 HFMI treatment
The test matrix was constructed with two different weld qual-
ity levels B and D according to ISO 5817. Two series without
post-weld treatment (PWT) were selected as references to be
compared with the four series of HFMI-treated welds. Weld
quality D was chosen for HFMI-treated welds, and not weld
quality C, due to inferior in fatigue strength and more difficult
to treat with HFMI due to toe angle geometry and thus the
limited access as shown in Fig. 2. Hence, if a gain in fatigue
life can be shown for weld quality D through HFMI, then it is
assumed that a gain in fatigue life can be achieved for weld
quality C by HFMI as well. The welded samples with weld
class D were welded so that the weld toe angle would be the
limiting factor with respect to ISO 5817. The reason for this
was that it is thought to be troublesome to perform HFMI
treatment on welds with small weld toe angle with a potential
risk of cracking in the weld toe, as shown by Marquis and
Barsoum [1] and in Fig. 2. Five batches were produced with
weld quality D. Four batches out of these were HFMI-treated
prior fatigue testing. One batch was produced with weld qual-
ity B, without any HFMI treatment. Each batch consisted of 6
different specimens.
The post-weld treatment was performed with three differ-
ent HFMI machines and four different HFMI tools. Two ma-
chines and two tools are of the same type and manufacturer
but with different operators performing the HFMI treatment.
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The HFMI machines and tools of the same type and manufac-
turer used in the project are named HFMI machines 1 and 2,
HFMI tools 1, 2, 3, and 4 as shown in Table 1. The purpose of
using HFMI equipment of the same type with different oper-
ators is to see the influence of the operator performing the
HFMI treatment.
During the HFMI treatment, data was collected about how
the treatment was performed. The data collected during HFMI
treatment were time (travel speed) and number of operations
(number of treatments passes of the same weld joint). The
purpose here is to gain knowledge if it is beneficial to threat
welds multiple times with HFMI.
2.3 Digital weld quality measurement—Winteria®
The quality of a welded joint has historically been assessed
manually using simple mechanical gauges to evaluate the lo-
cal geometry at discrete points along a weld bead [11].
Stenberg et al. [12] developed a method based on a visual
system using the stripe light projection method to measure
the local weld geometry. Further, they developed a numerical
evaluation algorithm to allow for stable and objective geom-
etry assessments. This concept is now incorporated in the
software Winteria® [13] which carries the practice of weld
quality assessment into the digital era giving fast and reliable
access to the weld information needed for fatigue life assess-
ment of welded structures [11]. The Winteria® software pro-
vides the weld geometric data such as throat thickness, weld
toe angle, and weld toe radius. During the HFMI treatment, a
highly reflective surface is obtained in the HFMI groove. The
HFMI-treated samples were painted with a thin layer of de-
veloper spray paint prior to laser scanning. An example of
HFMI-treated sample painted with developer paint is shown
in Fig. 3. The geometric data of the samples gathered from
laser scans was subsequently used to determine the weld qual-
ity of the welded samples and produce 3D models for FEM
analysis. Digital weld quality measurements, such as laser
scanning, is highly accurate and very time-effective in com-
parison with conventional visual inspection and manual
gauges/tools. The laser scanning system Winteria® is able to
Fig. 2 Potential problem with
cracking in weld toe when HFMI
treatment on welds with small
weld toe angle [1]
Fig. 1 a Geometry of welded
samples and dimensions. b
Schematic view of tack welds and
scrapped parts of the specimens. c
Schematic view of welding order
and direction
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measure dimensions down to 6 μm, and the system accuracy
is > 20 times the measured dimension. Hammersberg and
Olsson [13] conducted a measurement system analysis on
conventional gauges for measuring the weld throat thickness.
It was concluded that the gauge had a contribution of almost
60% of the total variation, which is too large for Go/No Go
decisions (> 9%) and process development (> 4%).
2.4 Fatigue testing and angular misalignment
The as-welded samples were tested in an MTS Landmark
servohydraulic material testing (10 Hz). The HFMI-treated
samples were fatigue-tested in a Rumul Vibroforte 500 reso-
nance test machine (90 Hz). The fatigue testing parameters is
summarised in Table 2. One load level was chosen due to the
limited number of specimens in each batch. In order to reduce
the fatigue testing time, the load level was chosen to be high.
The angular misalignment of the samples was measured
prior to fatigue testing. The as-welded samples were measured
at multiple points as shown in Fig. 4. The HFMI-treated sam-
ples were measured in one position on the flat surface as close
to the weld as possible. The range of measured angular mis-
alignment was 0–0.2° for all samples. The distortion/
misalignments measured were insignificant and were consid-
ered to have negligible effect on fatigue performance.
3 Finite element analysis
One of the objectives with the finite element analysis (FEA)
was to evaluate different software and approaches to incorpo-
rate scanned locally weld geometry, point cloud, in the stress
analysis, and fatigue life evaluation. However, due large
amount of point cloud data from the measurements, it be-
comes cumbersome to include all the data point, both from
pre-processing and CPU point of view. Therefore, different
approaches of smoothing by filtering data point were investi-
gated in order to achieve accurate results with considerable
smaller amount of data points. The input from laser scan soft-
ware Winteria® was of point cloud format that had to be
reverse-engineered to obtain a FEMmodel. A test of how well
two different software complete the challenge to replicate a
HFMI-treated weld was performed. The software used were
NX and ANSYS Workbench. Since the FEA in ANSYS was
the step after the modelling, it would be one extra step to
import the geometry from NX to ANSYS compared with if
ANSYS was used for all steps. In order to reduce the required
time, the point cloud was reduced to approximately 15,000
points. An illustration of the geometries from the different
software and the corresponding stress analysis is shown in
Fig. 5. Number of elements used in each model is approxi-
mately > 500.000, and the element type was an eight-noded
3D solid element (SOLID 185). Figure 6 shows the results
from the stress evaluation (von Mises stresses) along at the
weld toe along the width of the specimen when ANSYS
Workbench and NX is used, respectively. The misalignment,
0–0.2°, was incorporated in the model for stress analysis.
However, negligible stress increase was observed due to the
very small misalignment. It can be observed that ANSYS
results in higher stress magnitudes locally and larger variation
in the stress distribution. NX presents results with smother
stress distribution and lower local stress magnitudes. Hence,
NX is more suitable for modelling when stress analysis of
welds, 3D-scanned weld geometry, is used.
4 Results and discussion
4.1 Laser scanning and quality
In Table 3, the geometric data from laser scan measurements
is summarised. The result parameters investigated for theFig. 3 Laser scanning of HFMI-treated specimen
Table 1 HFMI machines and tools used for PWT
Machine/tool Pin radius (mm) Weld quality (prior HFMI
treatment)
Machine 1/tool 1 1.5 D–ISO 5817
Machine 1/tool 2 2 D–ISO 5817
Machine 2/tool 3 1.5 D–ISO 5817
Machine 2/tool 4 1.5 D–ISO 5817
Table 2 Fatigue testing parameters
Number of
samples
Δσ (MPa) R ratio Frequency (Hz)
As-welded 12 320 0.1 10
HFMI-treated 24 320 0.1 90
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HFMI-treated samples were weld toe radius and undercut; for
the as-welded samples, weld toe angle was measured. The
weld toe radius gives information about the transition radius
in the HFMI groove and the undercut the average HFMI
groove depth. These parameters provide reliable and accurate
results in the case of 1.5-mm HFMI tool radius in two out of
three series. In the case of machine 2/tool 3, the Winteria
software seems to measure the weld toe radius of the small
crack shape that is left from the weld toe; this is illustrated in
Fig. 7b. The result is useful as the residue crack like weld toe
at the bottom of the HFMI groove is considered a defect in [1],
and the Winteria software can obviously detect these defects.
In the case of machine 1/tool 2, theWinteria software seems to
return a smaller than actual value with respect to the weld toe
Fig. 4 Schematic view of angular misalignment measurements of as-welded samples
Fig. 5 a NX: geometry. b
ANSYSWorkbench: geometry. c




Fig. 6 a) Path along the weld toe line where the stresses are evaluated. b) von Mises stress distribution along path using ANSYS Workbench and NX
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radius, as illustrated in Fig. 7d. In the case of machine 1/tool 2
and machine 2/tool 4, the Winteria software seems to deliver
accurate transition radii; this is illustrated in Fig. 7a and c.
There are multiple geometrical demands the weld must
meet according to the IIW recommendations [1]. When
welding samples for subsequent HFMI treatment with weld
quality level D according to ISO 5817, the weld toe angle was
chosen in order to achieve this quality level. The reason is that
this factor has the greatest limitation on the accessibility for
HFMI treatment of the weld toe. The laser scan data for the as-
welded samples are shown in Table 4. It should be noted that
the weld toe angle is not directly stated as a demand for weld
geometry in [1]; however, extensive convexity is. In this
study, it is assumed that extensive convexity and small weld
toe angle are analogous. Since it is easier to measure weld toe
angle and it is assumed that small weld toe angle is analogous
with extensive convexity, the weld toe angle was chosen as a
result parameter when determining weld quality level.
The measurement of weld toe angle is just below the limit
for ISO 5817 weld quality level D, which states that weld toe
angle for weld quality level D is valid through 90° <α < 100°.
However, the welding process is rather unstable at the rela-
tively non-conventional welding parameters used, which leads
to quite large deviations in the weld toe angle. The unstable
welding process and deviations in the weld toe angle means
that locally, the weld intended for weld quality level D will be
below the requirements with respect to weld toe angle.
However, this study aims to find if HFMI treatment is robust
to variations in weld quality, and as shown in Table 4, the
weld toe angle is considerably different between the two se-
ries. The 2D illustrations of the as-welded samples are shown
in Fig. 8.
Table 3 Summary of geometric data from laser scan measurements and analysis. The values are averages and standard deviation of 96 measurements
for each HFMI process variants
Machine/tool Weld toe radius (mm) Weld toe radius
(standard deviation)
HFMI groove depth (mm) HFMI groove depth
(standard deviation)
Machine 2/tool 4 1.33 0.156 0.18 0.09
Machine 2/tool 3 0.50 0.38 0.13 0.06
Machine 1/tool 1 1.30 0.34 0.18 0.08
Machine 1/tool 2 1.37 0.42 0.16 0.09
Fig. 7 Two-dimensional weld
profile from laser scanning. a
Machine 2/tool 4. b Machine 2/
tool 3. c Machine 1/tool 1. d
Machine 1/tool 2
Table 4 Laser scanning data for
as-welded samples from 48
measurements
Weld toe angle (average) Weld toe angle (standard deviation)
As-welded B 129.5 8.3
As-welded D 99.7 8.4
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4.2 Fatigue test results
In Fig. 9, the fatigue testing results for as-welded and HFMI
are presented. The fatigue results are in accordance with the
current IIWHFMI recommendations [1] for weld quality level
B. The characteristic fatigue strength for transverse stiffener–
welded joints is FAT80 (m = 3) [12]. According to Marquis
and Barsoum [1], for a structural detail with FAT80 in yield
strength of 700 MPa, one can claim 6 FAT class increase for a
successful HFMI-treated weld, which will result in a charac-
teristic fatigue strength of FAT160 (m = 5). Hence, the HFMI
method seems robust to variations in weld quality, and similar
fatigue strength improvement can be claimed regardless of
weld quality.
Fig. 8 The 2D illustrations of the
as-welded samples. a Weld qual-
ity level D. bWeld quality level B
Fig. 9 Fatigue test results, as-
welded, and HFMI-treated com-
pared with guidelines (FAT 80
and FAT 160)
Fig. 10 Box plot of cycles to
fracture for each HFMI-treated
test series
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No influence from angular misalignment on fatigue life
could be found in either the as-welded or the HFMI-treated
samples. The range of measured angular misalignment was 0–
0.2° for all samples. Since the angular misalignment was rel-
atively small, the effect from angular misalignment on fatigue
life has been neglected in the evaluation.
4.3 Effect of post-weld treatment
The robustness of HFMI treatment, the influence of HFMI
equipment, HFMI tool, operator as well as procedure time,
and number of operations were investigated. A box plot of
each HFMI-treated test series is shown in Fig. 10, which
shows that no significant difference in fatigue life between
the equipment, operator, and tool can be seen when only the
tools of 1.5-mm radius are considered. However, the samples
treated with the tool of 2-mm radius have a significantly great-
er fatigue life when compared with samples HFMI-treated
with tools of 1.5-m radius.
The influence of HFMI procedure time on fatigue life is
shown in Fig. 11. It can be observed that in the case of HFMI
treatment with tool radius of 1.5 mm, the HFMI procedure
time seems to have no influence on the fatigue life.
However, when considering samples that have been HFMI-
treated with the tool radius of 2 mm, a considerable increase in
fatigue life with increased HFMI procedure time is observed,
which can have multiple explanations. The larger transition
radius created at the weld toe with larger HFMI tool radius
contributes to smaller stress concentrations at the weld toe
during fatigue testing. With an increased HFMI tool radius,
the mass of the tool increases leading to higher impact forces
during the HFMI process creating higher indentation depths
leading to an increase in compressive residual stresses as in-
dicated by Leitner et al. [7]. The HFMI procedure time depen-
dence observed in the case of HFMI tool radius of 2 mm could
be a result of, at lower HFMI procedure times, the procedure
cannot achieve proper radius and compressive stresses.
When considering the number of HFMI operations result
parameter, a similar correlation is observed to that in HFMI
procedure time, see Fig. 12. When considering the samples
HFM-treated with a tool of radius of 1.5 mm, no correlation
between number of HFMI operations and fatigue life was
observed. However, when considering the samples HFMI-
treated with a tool of radius of 2 mm, there seems to be a clear
trend between number of HFMI treatment and fatigue life.
The assumed cause of this behaviour is analogous to that of
Fig. 13 Weld 4 FEA where the failure occurred at the right edge of the
weld
Fig. 11 Influence from HFMI procedure time on fatigue life
Fig. 12 Influence of number of HFMI operations on fatigue life









As-welded B quality 822
As-welded D quality 1171
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HFMI time, namely that more volume of material is needed to
be processed in the case of a greater tool radius and especially
when the weld toe angle is as low as it is in this study.
4.4 FEA results
The finite element models show a reduction of stress concen-
tration when the weld is post-processed with HFMI, as shown
in Table 5. The stress concentrations are calculated with
linear-elastic material behaviour. In general, the stress concen-
tration for HFMI-treated D-quality welds is reduced to a lower
value than as-welded B quality. However, it is an exception
for tool 4 that has not penetrated as deep as the rest of the tools
during the treatment. The smallest maximum local stress of
the HFMI-treated welds was a weld treated by tool 2, which is
the tool with the largest radius. It is also the tool that gave the
lower average maximum local stress.
The welds that are HFMI-treated or as-welded with B qual-
ity and have had their failure in the HFMI groove or in the
weld toe have the highest local stress in the same weld as the
failure occurred in almost all cases. When the failure has oc-
curred at the edge of an HFMI-treated weld, the maximum
local stress is not observed in the failed weld, rather in edge
where the failure has occurred, see Fig. 13.
The FE models with D-quality welds give no information
of which of the welds in the joint will fail first. However, the
welds have their highest local stress in the weld toe.
Smoothness of the HFMI treatment is also shown to have a
large impact on the local stress. The smoother the HFMI
groove is, the lower the maximum stress concentration gets,
as shown in Fig. 14.
The results from the FEA give an indication of where
the failure might happen. The results also indicate various
factors that may influence the distribution of the local
stress and thus also the fatigue failure location. Such fac-
tors are as follows: groove smoothness, edge sensitiveness,
the depth of the groove, and influence of the tool radius. It
also showed that the HFMI treatment decreases the local
stresses, see Fig. 15.
5 Conclusions
In the study, the robustness of HFMI treatment of transverse
stiffener fillet-welded joints has been investigated. The robust-
ness was investigated in respect to HFMI operator, equipment,
tool, and weld quality level. The main conclusions are the
following:
& A significant influence of the HFMI tool on fatigue life
was observed; larger HFMI tool radius resulted in greater
fatigue life.
Fig. 14 FEA as-welded D quali-
ty. a Failed, weld 1, FE model
gives 1098 MPa as maximum lo-
cal stress. b Predicted failure lo-
cation according to FEA, weld 4,
maximum local stress 1241 MPa
Fig. 15 FEA of HFMI treatment
with tool 2. a Evenly, HFMI-
treated weld with maximum local
stress of 700 MPa according to
FE model (weld 1). b Unevenly,
HFMI-treated weld with maxi-
mum local stress of 840 MPa ac-
cording to FE model (weld 2;
failed)
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& An increase in fatigue life was observed regardless of the
as-welded weld quality level according to ISO 5817.
According to IIW [1] for steel grade SY = 700 MPa, the
fatigue strength recommendation is FAT 160 (m = 5) for
transverse stiffener–welded joints with as-welded quality
B according to ISO 5817 [10], prior to treatment. It can be
observed in the current study that fatigue-tested HFMI-
treated welded joints, welded with weld quality D, are in
good agreement with the IIW recommendations.
& HFMI process time and number of operations influenced
fatigue life depending on tool diameter; for 1.5-mm tool
radius, no influence on fatigue life from HFMI procedure
time or number of operations were observed, whereas for
2-mm tool radius, fatigue life increased with HFMI pro-
cedure time and number of operations.
& No significant influence from HFMI operator on fatigue
life was observed. However, fatigue life results scatter
varied with HFMI operator. No significant influence from
HFMI equipment was observed.
& Based on the scanned geometries, the positions of maxi-
mum local stress in HFMI-treated welds can be deter-
mined using the FEA and the analyses showed to give a
good indication of where the failure might occur.
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